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ABSTRACT 


An  experimental  study  was  conducted  to  determine  the  attenu¬ 
ation  provided  by  vertical  and  horizontal  barriers  exposed  only  to 
skyshine  radiation  from  cobait-60  and  cesium- 13 7  sources.  Mater¬ 
ials  of  steel,  aluminum,  concrete,  and  wood  were  used  as  barriers. 

A  sealed  radioactive  source  was  pumped  at  a  uniform  speed 
through  a  long  length  of  flexible  tubing  to  simulate  a  ring  source. 
Point-source  measurements  were  made  by  stopping  the  source  at  a 
given  location.  Dose  measurements  were  made  with  ionization  cham¬ 
ber  detectors.  ’ 

Measurements  of  the  attenuation  provided  by  a  vertical  barrier 
were  made  in  a  bunker  where  three  sides  and  the  top  were  of  sand¬ 
bags  or  lead;  the  fourth  side  was  the  barrier  of  interest  for  each  ex¬ 
periment.  The  simulated  ring  source  was  set  at  a  iOO-ft  radius. 

Just  inside  the  100-ft  radius  line  surrounding  the  bunker,  the  ground 
was  shaped  to  rise  up  a  slight  ramp  to  create  a  circular -shaped  pla¬ 
teau.  The  angle  of  the  ramp  was  designed  to  insure  that  direct 
radiation  would  pass  between  1  and  2  ft  above  the  top  of  the  barriers 
-  only  air-scattered  radiation  reached  the  barriers. 

Measurements  of  the  attenuation  provided  by  a  horizontal  barrier 
were  made  using  detectors  placed  in  a  round  hole  in  the  ground,  topped 
by  the  barrier  material  at  ground  level.  A  cobalt-60  point  source  was 
placed  100  ft  from  the  hole.  Sandbags  or  lead  bricks  were  placed  on 
the  ground  about  6  ft  in  front  of  the  hole.  The  height  of  the  lead 
bricks  was  the  same  height  as  the  top  of  the  shield.  This  assured  that 
the  shield  was  exposed  only  to  air- scattered  radiation. 

Additional  measurements  at  this  same  location  were  made  to 
determine:  (1)  the  skyshine  dose  rate  as  a  function  of  distance  from 
a  cobalt-60  source  placed  on  an  air-ground  interface:  {2)  the  geometry 
factor  describing  a  detector  response  to  scattered  gamma  rays  at  the 
air -ground  interface  from  a  point  isotropic  cobalt-60  source  on  the 
ground  100  ft  away;  and  (3)  lip  scatter  and  wall  backscatter  correc¬ 
tions  for  a  detector  in  an  open  hole  exposed  to  skyshine  radiation  from 
cobalt -60 . 

The  results  apply  to  a  variety  of  shielding  problems.  One 
practical  application  is  the  shielding  provided  by  basement  roofs 
and  exposed  basement  walls  from  skyshine  radiation  originating  from 

fallout* 
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chapter  1 
INTRODUCTION 

1.  1  BACKGROUND 

About  10%  of  the  gamma- ray  exposure  rate  3  ft  above  a  con¬ 
taminated,  smooth,  infinite  plane  of  fallout  consists  of  air-scattered 
photons^,  usually  referred  to  as  "skyshine  radiation. ''  Its  energy 
and  angular  distribution  must  be  known  for  hazard  assessments  of 
contaminated  fields  and  in  many  types  of  shelters.  This  skyshine 
contribution  takes  on  special  importance  in  foxholes  and  building 
basements  where  the  direct  line -of- sight  radiation  is  significantly 
attenuated.  Shielding  calculations  require  a  knowledge  of  the  dose- 
angular  distribution  of  the  skyshine  component  and  its  attenuation 
through  shields  in  various  configurations.  ^ 

Theoretical  calculations  and  analytical  solutions  are  available"^’ 
for  ideal  source -detector  geometries.  They  do  not  permit  exact 
solutions  to  particular  non-ideal  shielding  and  scattering  configu¬ 
rations.  The  purpose  of  these  experiments  was  to  compare  ex¬ 
perimental  data  with  calculations  of  ideal  configurations  and  to  abtain 
empirical  solutions  for  particular  problems.  The  experiments  re¬ 
ported  here  were  concerned  with  measuring  the  contribution  of  sky¬ 
shine  radiation  and  its  attenuation  through  vertical  and  horizontal 
barriers.  Radioactive  sources  of  cobalt-60  and  cesium- 137  were 
used  because  results  can  be  readily  compared  to  theoretical  cal¬ 
culations  and  are  readily  adaptable  to  a  fallout  energy  spectrum, 
as  will  be  discussed  later  in  this  report.  Within  operational  limits, 
an  attempt  was  made  to  assure  that  the  relative  dose -angular  dis¬ 
tribution  at  either  the  shields  or  the  open  hole  was  a  good  approxi¬ 
mation  of  the  dose -angular  distribution  that  would  have  resulted  from 
an  infinite -plane  source. 

^  Some  experiments  concerned  with  scattered  gamma  rays  at  the 
air -ground  interface  from  simulated  plane  sources  have  been  per¬ 
formed.^'  ^  Experiments  using  a  hole  in  the  ground  as  a  collimator 
for  measurements  from  simulated  plane  sources  have  also  been 
reported.^'  ^  Clifforc^  reports  some  experimental  results  of 


attenuation  by  horizontal  concrete  slabs  of  skyshine  radiation  orig¬ 
inating  from  a  simulated  plane  source  of  cesium- 13 7. 

Where  appropriate,  data  from  this  report  are  compared  with 
other  experimental  data  and  with  theoretical  calculations.  Application 
to  a  fallout  energy  spectrum  is  noted.  Results  are  applicable  to  a 
variety  of  basic  shielding  problems.  Specifically,  results  provide 
shielding  information  for  basement  roofs  and  exposed  basement  walls 
from  skyshine  radiation  originating  from  fallout. 

1.2  OBJECTIVES 

The  over -all  objective  was  to  measure  the  attenuation  provided 
by  vertical  and  horizontal  barriers  of  various  materials  subjected  to 
skyshine  radiation  originating  from  simulated  plane  sources  of  cobalt- 
60  and  cesium- 13  7.  Specific  objectives  and  measurements  were: 

1.  To  determine  quantitatively  the  skyshine  dose  rate'*'  in  an 
open  hole  as  a  function  of  distance  from  a  cobalt-60  source  on  the 
ground. 

2.  To  determine  lip  scatter  and  wall  backscatter  corrections 
for  a  detector  in  an  open  hole  exposed  to  skyshine  radiation  from  a 
simulated  plane  source  of  cobalt- 60. 

3.  To  determine  qualitatively  the  geometry  factor  describing 

a  detector  response  to  scattered  gamma  rays  at  the  air-ground  inter¬ 
face  from  a  point  isotropic  cobalt-60  source  on  the  ground  100  ft 
away. 

4.  To  determine  the  attenuation  of  skyshine  radiation  from  sim¬ 
ulated  plane  sources  of  cobalt-60  and  cesium- 13  7  by  vertical  barriers 
of  concrete,  steel,  aluminum,  and  wood. 

5.  To  determine  the  attenuation  of  skyshine  radiation  from  co- 
balt-60  sources  by  horizontal  barriers  of  concrete,  steel,  aluminum, 
and  wood . 
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chapter  2 

EXPERIMENTAL  METHOD 


2.  1  GENERAL  DESCRIPTION 

In  shielding  calculations  of  protection  provided  by  below-ground 
structures  against  fallout  radiation,  the  contribution  of  sky  shine 
radiation  is  an  important  factor.  Attenuation  of  sky  shine  radiation 
through  a  horizontal  barrier  is  important  in  the  case  of  a  covered 
foxhole  or  a  basement  below  a  light  superstructure. 

For  basements  with  walls  partially  exposed  above  ground, 
attenuation  of  skyshine  radiation  through  a  vertical  barrier  is  im¬ 
portant.  The  exposed  basement  wall  acts  as  a  vertical  barrier  and 
the  radiation  emerging  from  this  wall  is  dependent  upon  the  energy 
and  dose -angular  distribution  of  the  radiation  striking  the  outside  of 
the  wall.  If  the  ground  level  sloped  downward  from  the  building  or 
if  the  ground  was  rough,  the  dose -angular  distribution  would  be  ex¬ 
ceedingly  different  than  from  a  level,  smooth  plane.  In  these  cases, 
the  skyshine  contribution  passing  through  the  vertical  barrier  would 
be  of  greater  relative  importance. 

In  shielding  calculations  of  fallout-protection  factors,  the  atten¬ 
uation  is  expressed  as  a  product  of  two  general  factors.  One  factor 
gives  the  attenuation  in  the  barrier  material,  assuming  a  particularly 
simple  type  of  source  and  medium  that  is  completely  uniform  in 
density.  This  factor  is  termed  ’’barrier  factor.  ”  The  other  factor 
is  called  ’’geometry  factor”  and  accounts  for  the  finiteness  of  the 
barrier  and  for  the  detector  locations. 

An  example  of  barrier  reduction  is  shown  in  Fig.  2.  1,  taken 
directly  from  Ref.  1.  In  all  three  cases  the  detector  is  assumed  to 
be  immediately  under  (or  beside)  the  shielding  material  and  this  in 
turn  is  assumed  to  be  infinite  in  extent.  These  reduction  curves 
were  derived  from  data  in  Spencer’s  report.^  The  simple  detector- 
source -medium  arrangements  for  these  theoretical  calculations  are 
shown  in  Cases  1,  2  and  3  of  Fig.  2.2.  (Case  4  depicts  a  possible 
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REDUCTION  FACTOR 


MASS  THICKNESS,  LB/SOFT  (CONCRETE) 


Fig.  2,  1  -  Barrier  shielding  effects. 
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Fig.  2.2  -  Simple  detector-source -medium  arrangements.  Case  1  -  isotropic  detector,  plane 
isotropic  source;  Case  2  -  isotropic  detector  and  plane  isotropic  source;  the  radiation  field  at 
height  d  above  the  primary  source  is  taken  as  a  new  source  at  a  penetration  distance  X  to  the 
right  of  the  detector;  Case  3  -  isotropic  detector,  source  **isotropic**  only  in  directions  pointing 
away  from  detector;  Case  4  -  isotropic  detector,  source  ••isotropic**  only  in  directions  pointing 
away  from  detector,  d  »  X. 


arrangement  for  vertical  barrier  attenuation  of  skyshine  radiation.  ) 
Spencer’s  calculations  assume  an  infinite -plane  source  of  contamination 
located  in  an  infinite  ocean  of  air,  one  side  being  compressed  to  the 
density  of  earth.  Penetration  calculations  through  thickness  X  of  material 
is  for  a  water  medium. 

Geometry  reduction  is  illustrated  in  Fig,  Z.  3,  also  taken  from 
Ref.  2.  The  D  =  100-ft  curve  was  obtained  by  graphical  interpolation 
by  using  Figs.  28.  15,  28.  17,  B37,  B38,  B41  and  B42  of  Ref.  2  as 
guides. 


Cases  1,  2,  and  3  were  taken  from  Ref.  2. 
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GEOMETRY  REDUCTION  FACTOR 


2.2  SOURCE -DETECTOR -SHIELD  ARRANGEMENTS 


Within  operational  limitations  the  source -detector-shield  arrange¬ 
ments  in  this  experiment  were  chosen  such  that  the  relative  dose- 
angular  distribution  of  radiation  at  either  the  shield  or  open  hole  was 
a  good  approximation  of  the  dose -angular  distribution  due  to  an  in¬ 
finite-plane  source.  Arrangements  were  chosen  to  approximate  ideal 
configurations  used  for  calculations  and  those  most  readily  adaptable 
to  practical  applications,  such  as  in  a  fallout  situation. 

The  shields  were  5  ft  square.  Since  we  w^ere  primarily  con¬ 
cerned  with  bar  rier  -  reduction  factors,  shields  were  large  compared 
with  detector  size.  Low-Z  materials  of  wood,  aluminum,  steel,  and 
concrete  were  used  for  practical  applications. 

2.2.1  Open  Hole 

It  was  desirable  to  measure  the  dose  rate  of  skyshine  radiation 
versus  solid  angle  subtended  by  a  detector  as  a  function  of  distance 
from  a  cobalt-60  source.  In  Area  1  at  NTS  an  area  35  ft  wide  and 
560  ft  long  was  graded  and  smoothed.  At  one  end,  a  hole  4  ft  in 
diameter  and  6  ft  deep  was  dug.  Steel  casing  3/16  in. thick  was 
placed  in  the  hole  as  an  earth  retainer.  A  lead  lip  4  in- wide  and  4  in. 
deep  was  placed  around  the  hole  such  that  the  top  was  flush  with  the 
ground  surface.  To  reduce  wall  backscattering ,  a  1/8-in.  lead  liner 
was  placed  on  the  walls  and  floor  of  the  hole. 

A  cobalt-60  source  was  placed  on  the  ground  at  varying  distances 
ranging  from  5  to  440  ft  from  the  center  of  the  hole.  Dose  rate 
measurements  were  made  at  various  depths  along  the  centerline  of 
the  hole  for  each  Source  position.  Measurements  were  repeated  many 
times  at  the  100-ft  distance  since  this  was  the  position  in  which  all  of 
the  shield  data  were  taken.  Later,  another  hole  of  the  same  dimen¬ 
sions  was  dug  in  Yucca  dry-lake  bed  and  measurements  were  made 
with  source-detector  separation  distances  from  60  to  1500  ft.  This 
dry -lake  bed  was  extremely  flat,  thus  providing  very  good  geometry 
for  simulated  smooth-plane  sources. 

To  evaluate  the  lip  scatter  and  wall  backscatter  component  in 
the  open  hole,  measurements  were  made  with  the  hole  having  the 
following  lip  and  wall  configurations: 

1.  Li‘ad  lip  and  steel  wall  liner. 

2.  Lt‘ad  lip  and  lead  wall  liner. 

L  Earth  lip  and  earth  wall. 

Photographs  and  drawings  showing  open-hole  configurations  ap¬ 
pear  in  Figs.  2.4  thru  2.6.  Figures  2.4  and  2.  5  show  the  tubing 
layout  and  detc^ctor -positioning  mechanism  for  the  "Cutie  Pie*'  set  of 
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open-hole  measurements.  The  mechanism  for  positioning  this  detector 
was  designed  such  that  there  would  be  no  scattering  or  absorbing 
material  above  the  detector  (see  Fig.  2.  6).  The  data  by  the  ’’Cutie  Pie’ 
instrument  were  taken  every  6  in.  going  down  into  the  hole,  starting 
with  the  top  of  the  detector  1  in.  below  ground  level. 

Most  of  the  open-hole  data  were  taken  with  10-mr  and  1-mr 
chambers.  To  minimize  the  effect  of  detector  anisotropy  the  top 
chamber  was  oriented  such  that  the  stem  was  pointed  perpendicular 
to  the  source-detector  line.  For  other  positions  the  stem  pointed 
down.  The  top  position  was  such  that  the  top  of  the  10-mr  chp.mber 
was  5/8  in.  below  ground  level,  and  the  1-mr  chamber,  1/8  in.  below¬ 
ground  level.  Other  positions  were  located  about  every  6  in.  down  into 
the  hole. 

For  the  large -distance  measurements  in  Yucca  dry-lake  bed  a 
spherical  air -equivalent  ion  chamber  7-1/2  in.  in  diameter  was  used. 

It  was  located  at  only  one  position,  the  top  of  the  chamber  being  1/8 
in.  below  ground  level. 

2.  2.  2  Vertical  Shield 

In  Figs.  2.  1  and  2.2  simple  detector  -  source -shield  arrange¬ 
ments  in  infinite  media  are  fused  for  theoretical  calculations  readily 
adaptable  to  practical  applications.  A  simple  detector -source -med¬ 
ium  arrangement  that  might  show  the  desired  geometry  for  the 
vertical  barrier  appears  as  Case  4  of  Fig.  2.2.  In  this  configuration, 
detector  response  will  depend  upon  (among  other  factors)  the  dose- 
angular  distribution  of  gamma  radiation  at  the  vertical  wall.  The 
distribution  is  expected  to  be  isotropic  in  a  plane  parallel  to  the 
source  plane  and  to  follow  the  geometry  reduction  as  in  Case  1  of 
•  Fig.  2.3  in  a  plane  perpendicular  to  the  source  plane.  In  designing 
the  actual  experimental  arrangement,  these  expected  distributions 
were  kept  in  mind. 

By  choosing  a  ring  source  the  distribution  in  a  plane  parallel 
to  the  source  plane  at  the  detector-shield  arrangement  (at  the  center 
of  the  ring)  was  expected  to  be  isotropic.  An  examination  of  theoret¬ 
ical  curves  from  Spencer  indicates  an  ideal  radius  for  the  ring  source 
in  a  homogeneous  medium  of  air  would  be  about  300  ft  for  the  correct 
relative  dose  distribution  for  a  plane  perpendicular  to  the  source 
plane.  However,  an  examination  of  the  same  curves  indicates  the 
angular  distribution  is  a  slowly  varying  function  of  source -detector 
separation  distance.  We  arbitrarily  chose  a  radius  of  100  ft  be¬ 
cause  of  the  limitation  of  source  strengths  and  detector  sensitivity. 
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Fig.  2.  4  -  Open-hole  configuration  and  tubing  distribution  for 
source  positioning. 


Fig.  2.  5  -  Detector  positioning  in  open  hole. 


Fig.  2.6  -  Detector  positioning  in  open  hole. 


To  lessen  the  air-ground  interface  influence,  we  chose  to  shield 
the  unscattered  component  near  the  source  rather  than  near  the 
detector  (Fig.  Z.  7).  This  also  insured  that  gamma  rays  striking 
the  shield  had  already  undergone  at  least  one  air  scatter. 

Photographs  and  drawings  showing  locations  of  detectors, 
sources,  and  shields  appear  in  Figs.  Z.8  through  2.  11. 

Note  in  Fig.  2.  7  that  the  bunker  arrangement  also  included  a 
square  bunker  open  at  the  top.  This  was  to  be  used  for  the  hori¬ 
zontal  barrier  experiments  but  was  abandoned  after  the  first  set  of 
measurements  because  of  presumed  poor  geometry.  (Gamma  rays 
that  had  scattered  less  than  about  4®  could  not  reach  the  horizontal 
shield.  ) 

A  lead  liner  was  mounted  on  the  inside  walls  of  the  vertical 
bunker  to  reduce  backscatter.  Another  lead  sheet  was  formed  over 
the  sandbags  around  the  edge  of  the  bunker  to  reduce  radiation  leak¬ 
age  through  the  sandbags  and  wood  framing. 

Figure  2.  8  is  an  aerial  photograph  of  the  vertical  bunker  site. 

The  test  pad  and  approaches  were  oiled  to  reduce  the  dust  problem. 

Figures  2.  9  through  2.11  show  detector  positions  in  relation  to 
bunker  dimensions.  Detectors  were  mounted  and  held  in  place  by 
1/8  in. of  plexiglass.  Temperature  effects  were  minimized  by  shad¬ 
ing  the  detectors  in  the  unshielded  case.  Shields  were  placed  at  the 
face  of  the  bunker. 

2,2.3  Horizontal  Shield 

The  horizontal  shield  measurements  were  made  by  placing 
the  shields  over  the  hole  used  for  the  open-hole  experiments  (see 
Fig.  2.6).  Data  were  taken  at  various  depths  in  the  center  of  the 
hole  from  a  point  source  located  100  ft  away.  Care  was  taken  to 
obtain  as  close  to  an  ideal  geometry  as  feasible. 

To  prevent  any  direct  radiation  from  reaching  the  shields,  sand¬ 
bags  and/or  lead  bricks  were  placed  on  the  ground  about  6  ft  in  front 
of  the  hole.  The  height  of  this  barrier  in  each  instance  was  the  ex¬ 
act  height  of  the  top  of  the  shield.  This  also  insured  that  the  top  of 
the  shield  was  exposed  to  the  total  skyshine  component. 

The  shields  were  placed  over  the  hole  such  that  the  overlap  was 
greatest  in  the  direction  of  the  source.  Figure  2.  12  shows  this 
orientation.  This  insured  that  the  overlap  was  greater  than  the  shield 
thickness  in  this  direction.  The  maximum  shield  thickness  was  4  in¬ 
fer  concrete,  2-1/2  in»for  steel,  5  in»for  aluminum,  and  10  in-for 
wood.  A  small  error  probably  occurred  in  the  10-in. wood  measure¬ 
ments  because  of  only  an  8 -in*  overlap.  Any  error  because  of  the 
4-in.  overlap  in  the  opposite  direction  is  assumed  to  be  negligible. 
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Fig.  2.  7  -  Vertical  shield  bunker  arrangement. 
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Fig,  2,8  -  Aerial  view  of  vertical  shield  bunker  site 


2.3  EXPERIMENTAL  TECHNIQUE 

2.3.1  Source -Handling  System 

Handling  of  the  radioactive  sources  for  this  experiment  was 
done  by  the  Mobile  Radiological  Measuring  Unit  (MRMU).  This 
system  used  a  moving,  radioactive  source  hydraulically  pumped 
through  polyethylene  tubing.  Since  the  source  traveled  at  a  uniform 
speed,  a  ring  source  or  area  source  could  be  simulated.  The  source 
could  also  be  pumped  to- a  location  and  stopped,  enabling  point-source 
experiments  to  be  made.  Equipment  required  for  pumping  the  source 
through  the  polyethylene  tubing  has  been  described  in  detail  in  prev¬ 
ious  reports^”^  and  is  therefore  only  mentioned  briefly  here.. 

A  schematic  diagram  of  the  hydraulic  system  for  source  circulation 
is  shown  in  Fig.  2.  13.  The  polyethylene  tubing  was  attached  to  a 
cobalt-60  multi- source  shield  (S-1).  Within  this  shield  were  seven 
S-shaped  stainless- steel  tubes  in  which  a  total  of  six  radioactive  sources 
could  be  stored.  One  tube  was  reserved  for  the  water- return  line  but 
could  also  provide  emergency  storage  of  a  radioactive  source,  if  needed. 
A  means  had  been  provided  to  completely  secure  and  lock  sources  not 
in  use. 

The  source  could  be  started,  stopped,  reversed,  and  completely 
controlled  remotely  by  a  control  console  in  a  laboratory  trailer  lo¬ 
cated  up  to  1000  ft  away.  The  small  metal  boxes  attached  to  the 
tubing  in  Fig.  2.4  were  source -position  indicator  s ,  allowing  the 
console  operator  to  know  the  location  of  the  source  at  all  times. 

2.3.2  Sources 

The  sources  used  in  this  experiment  were  cobalt- 60  and  cesium- 
137.  The  cobalt-60  source  strengths  were  approximately  12.5,  200, 
and  1100  curies.  The  cesium-137  source  strength  was  approximately 
300  curies. 

All  the  sources  were  encapsulated  in  magnetic  stainless -steel 
containers  accurately  machined  to  pass  through  the  polyethylene  tub¬ 
ing.  The  capsules  were  Heliarc-welded  and  passed  all  AEG  leak 
tests.  (See  Figs.  2.  14  and  2.  15.  ) 

All  sources  were  calibrated  at  the  CETO-EG&G  Nevada  Test 
Site  calibration  facility.  A  photograph  and  drawing  of  this  facility 
appear  in  Figs.  2.  16  and  2.17.  Two  sets  of  NBS-calibrated  Victoreen 
condenser -R -chambers  were  used.  A  source  w^as  pumped  by  the 
MRMU  system  into  calibration  position  directly  between  two  posts 
(A  and  B)  at  a  height  of  10  ft  Dose -calibration  measurements  w^ere 
made  perpendicular  to  the  long  axis  of  the  source  at  a  distance  of 
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.  2.13  -  Hydraulic  piping  flow  diagram. 


4  meters  and  at  the  same  height  above  ground  as  the  source,  Rel¬ 
ative  directional  calibrations  were  also  done  on  all  the  sources 
and  are  illustrated  in  Figs.  2.  18  and  2.  19  for  two  of  the  sources. 
Exposure  times  were  approximately  1  hour.  The  choice  of  dosim¬ 
eters  was  such  that  the  dose  received  was  about  mid- scale  on  the 
recording  instrument.  Several  exposures  were  made  for  each 
source.  All  readings  were  within  5%  of  the  average  for  a  particular 
source.  Effective  source  strengths  were  determined  by  correcting 
for  distance,  air  attenuation,  air  buildup,  and  ground  backscattering. 
% 

2,  3.  3  Instrumentation 

Instruments  used  for  radiation  measurements  included  stray- 
radiation  chambers,  Victoreen  model  239  (0  to  10  mr)  and  Victoreen 
model  208  (0  to  1  mr).  These  instruments  were  charged  and  read  on 
a  Victoreen  model  687c  minometer.  Spherical  air -equivalent  ion¬ 
ization  chambers  with  an  electrometer  system,  designed  and  built  by 
EG&cG  Santa  Barbara  were  also  used  and,  in  addition,  a  Nuclear 
Chicago  model  2586  Cutie  Pie  and  two  low-range  (0-1  mr)  Eands- 
verk  model  120  chambers. 

The  energy  and  angular  response  of  the  Victoreen  model  239  and 
Nuclear  Chicago  Cutie  Pie  were  measured  at  EG&G  Santa  Barbara. 
The  energy  response  curves  are  presented  in  Fig.  2.20.  Angular 
response  measurements  of  the  10-mr  Victoreen  chambers  show  a 
7%  decrease  in  sensitivity  in  the  direction  of  the  stem. 

The  integrating  ion  chambers  were  calibrated  with  an  NBS-cali- 
ibrated  cobalt-60  source.  Actual  doses  given  to  these  detectors  were 
calculated  by  considering  distance,  air  attenuation,  air  buildup,  and 
ground  backscatter.  Several  chambers  were  selected  at  random  and 
exposed  several  times  to  obtain  an  average  dose  and  standard  de¬ 
viation  at  several  points  over  the  entire  range  of  the  instruments. 
Both  source  and  detectors  were  placed  about  6  ft  above  the  ground 
on  thin  aluminum  stands.  Other  detectors  were  calibrated  in  like 
manner. 

2.3.4  Shields  ;  : 

Shielding  materials  tested  were  w*ood,  aluminum,  steel,  and 
concrete  and  were  all  5  by  5  ft  and  varied  in  thickness.  The  plywood 
slabs  were  from  1/4  to  1  in.  thick.  The  aluminum  was  type  6  IS  and 
1/2  in.thick.  The  steel  was  400  series  mild  steel  1/4  in.thick.  The 
concrete  was  pea  gravel  (less  than  3/8  in,  aggregate)  and  cement 
poured  in  a  steel  peripheral  framework  with  reinforcement  rods  ex¬ 
tending  from  the  periphery  6  in*  into  the  concrete.  The  thickness  of 
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Fig.  2.  20  -  Energy  response  of  detectors  used  in  experiment, 


this  shield  was  2  in.  Each  shield  was  weighed  individually  to  ob¬ 
tain  the  mass  per  unit  area, 
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chapter  3 

PRESENTATION  OF  DATA 

Experimental  data  are  presented  in  tabular  form  separately  for 
the  three  major  sets  of  measurements.  Point-source  data  were 
normalized  to  milliroentgens  per  hour  per  curie  (mr/hr/c)  and 
ring-source  data  to  milliroentgens  per  hour  per  curie  per  foot  of 
circumference  (mr/hr /c/ft).  Thicknesses  of  shields  are  given  ^ 
in  mass  thickness  (Ib/sq  ft)  instead  of  linear  thickness.  For  open- 
hole  and  horizontal- shield  data,  solid-angle  fractions  (tJ  )  are  also 
given  at  each  detector  position.  These  were  calculated  ,^y  assum¬ 
ing  the  center  of  the  detector  as  the  detector  location.  ¥he  value  of 
(0  was  set  equal  to  1.  0  at  a  solid  angle  of  2  tt  steradihns.  Nearly 
all  data  presented  in  the  tables  are  averaged  from  at  least  two  ex¬ 
posures. 

All  data  have  been  corrected  for  chamber  temperature  and 
pressure,  calibration,  and  for  background.  For  information  and 
comparison,  some  of  the  data  are  also  presented  in  graphical  form. 

3.1  OPEN  HOLE 

The  first  set  of  measurements  in  an  open  hole  were  made  by  the 
Cutie  Pie  instrument  with  the  cobalt-60  source  at  100  ft.  Measure¬ 
ments  were  made  before  and  after  the  lead  liner  was  added  to  the 
already  in-place  steel  liner.  No  significant  changes  in  dose  rates  or 
angular  distribution  could  be  detected  within  the  limits  of  experiment¬ 
al  error.  It  is  concluded  that  the  dose  contribution  due  to  wall  back- 
scatter  was  negligible  for  this  configuration. 

About  nine  sets  of  measurements  were  made  with  the  10-mr 
chambers  with  the  cobalt-60  source  placed  at  100  ft.  These  data 
were  taken  with  the  lead  liner  (and  lead  lip)  in  place.  Measurements 
were  also  made  at  60  ft.  The  data  are  plotted  in  Fig.  3.1 

A  smooth  curve  was  drawn  through  the  data  points  for  d  =  60  ft. 
For  d  =  100  ft  and  small  values  of  u  data  points  were  scattered.  A 
straight  line  was  assumed  for  data  points  at  small  values  of  (O  and  a 
least  squares  fit  was  calculated.  A  smooth  curve  was  then  drawn 
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DOSE  RATE,  MR/HR/C 


Fig.  3.  1  -  Experimental  data  at  various  depths  in  the  center  of 
the  open  hole,  using  10-mr  chambers  and  cobalt-60. 
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through  the  data  points,  using  as  guidelines  the  least  squares  fit  for 
small  solid  angles  and  the  average  of  the  data  points  for  large  solid 
angles. 

It  is  interesting  to  note  that  the  two  curves  are  parallel  and  the 
ratio  between  the  curves  is  about  1.8.  Thus,  for  these  two  distances, 
the  quantity  of  sky  shine  radiation  from  a  point  source  falls  off  in¬ 
versely  with  the  distance  (rather  than  distance  squared).  The  relative 
dose  rate  versus  solid-angle  fractions  (geometry  factors)  are  about 
the  same.  For  the  same  solid-angle  fractions,  values  were  read 
from  the  two  smooth  curves  in  Fig.  3.  1  and  are  tabulated  in  Table 
3.  1. 

TABLE  3.1.  SMOOTHED  DATA  AT  VARIOUS  DEPTHS  IN  THE 


CENTER  OF  THE  OPEN  HOLE'l' 


Solid  angle  fraction,  u) 

Dose  rate, 

d  =  100  ft 

mr/hr/c 

d  =  60  ft 

1.  0 

0.  15 

0.28 

0.  9 

0.  10 

0.19 

00 

d 

0.  070 

0.13 

0.  7 

0.052 

0.  096 

0.  5 

0.  030 

0.056 

0.  25 

0.013 

0.023 

0.  15 

0.0070 

0.013 

0.  10 

0.0044 

0.06 

0.0024 

'I'Interpolated  from  Fig. 

3.  1. 

Several  measurements  were  made  with  the  Cutie  Pie  instrument 
with  the  cobalt- 60  source  placed  from  5  to  440  ft  from  the  center  of 
the  hole.  The  data  points  were  consistent  within  themselves  but 
did  not  compare  well  with  data  from  the  10-mr  chambers.  These 
data  are  therefore  not  listed.  They  were  examined,  however,  and  no 
changes  in  geometry  factors  with  distance  from  the  source  were  noted. 
If  small  changes  occurred,  they  were  overshadowed  by  the  experi¬ 
mental  error. 

Further  measurements  were  made  in  an  open  hole  in  Yucca  dry 
lake.  Two  sets  of  measurements  with  the  10-mr  chambers  were 
made  with  the  cobalt-60  source  placed  at  100  ft.  In  this  case,  the 
walls  and  lip  of  the  open  hole  were  of  earth,  not  lead.  The  readings 
were  averaged;  these  are  listed  in  Table  3.2  and  plotted  in  Fig. 

3.  2.  After  measurements  were  taken,  it  was  discovered  the  earth 
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4- FT  DIAMETER  7 
6- FT- DEEP  HOLEj 


f 


SMOOTHED  DATA  FOR  A  HOLE  WITH 
LEAD  WALLS  AND  LEAD  LIP  {FROW 
HOLE  WITH  EARTH  WALLS 
AND  EARTH  LIP.  LIP  WAS 
1/4  TO  1/2  IN.  ABOVE  GROUND 
HOLE  WITH  EARTH  WALLS  AND 
EARTH  LIR  LIP  WAS  EVEN 
WITH  GROUND  SURFACE 


lo-i 

SOLID-ANGLE  FRACTION,  w 

Fig.  3.  2  -  Dose  rate  on  centerline  of  open  hole  4  ft  in  diameter 
and  6  ft  deep,  cobalt- 60  source  at  100  ft. 


lip  actually  protruded  above  ground  surface  about  1/4  in.  in  the 
direction  of  the  source  and  about  1/2  in.  at  the  back  of  the  hole. 
Evidently  during  the  drilling  process,  pressure  had  forced  the 
earth  lip  slightly  upward. 


TABLE  3.  2.  EXPERIMENTAL  DATA  IN  OPEN  HOLE  IN  YUCCA 
DRY  LAKE.  10-mr  CHAMBERS,  COBALT-60  AT 
100  ft,  WITH  EARTH  WALLS  AND  EARTH  LIP 


Lip  %  to  %  in. 

above  ground  surface 

Lip  even  with  ground  surface 

Solid-angle  fraction. 

Dose  rate, 

Solid-angl 

e  fraction.  Dose  rate 

U 

mr /hr  /  c 

to 

mr/hr/c 

0.  942 

0.  13 

0.958 

0.  137 

0.785 

0.  077 

0.  739 

0.  055 

0.  630 

0.  051 

0.535 

0.  029 

0.485 

0.039 

0.  319 

0.  017 

0.415 

0.030 

0.208 

.  0. 0104 

0.295 

0.021 

0.  143 

0. 0072 

0.  232 

0.017 

0.103 

0. 0052 

0.184 

0.013 

0.077 

0.0040 

0.150 

0.010 

The  lip  was  smoothed  until  it  was  even  with  the  ground  surface 
and  then  measurements  were  repeated.  The  repeated  measurements 
showed  a  marked  difference,  shown  in  Table  3.2  and  Fig.  3.2.  As 
is  shown  in  Fig.  3.2  it  makes  very  little  difference  if  the  lip  and 
walls  are  of  lead  or  of  earth,  except  for  small  solid  angles. 

In  addition  to  the  100 -ft  measurements,  data  were  taken  with  the 
10-mr  chambers  and  the  spherical  ion  chamber  and  electrometer 
system  with  the  cobalt-60  source  placed  at  distances  up  to  1500  ft. 

Data  are  presented  at  a  solid-angle  fraction  value  of  0.86  in  Table 
3.3,  as  this  corresponded  to  the  position  of  the  spherical  ion  chamber. 
The  data  have  been  corrected  for  background. 
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TABLE  3.3.  EXPERIMENTAL  DATA  IN  YUCCA  DRY  LAKE  FOR 


u  =  < 

0..  86,  Cobalt- 60 

Dose 

rate,  mr/hr/c 

Distance  from 

Spherical  ion 

source,  ft 

10-mr  chamber 

chamber 

100 

0.  086 

0.  078 

175 

0.  033 

250 

0.  020 

440 

0. 0079 

0. 0078 

700 

0.  0031 

0. 0025 

1000 

0.00122 

1500 

0.00030 

3.2  VERTICAL  BARRIERS 

Before  the  experiment  was  begun,  measurements  were  made 
in  the  vertical  bunker  (see  Fig.  2.7)  before  and  after  the  lead  liner 
was  installed.  Very  little  difference  was  observed.  Another  set  of 
measurements  was  made  at  locations  around  the  periphery  and  on 
top  of  the  bunker  to  assure  the  experimenters  that  the  bunker  was 
not  exposed  to  any  direct  radiation  and  that  the  direct  beam  was 
intersected  at  about  1  ft  above  the  bunker. 

The  10-mr  chambers  (Victoreen  model  268)  were  initially  used 
for  measuring  the  dose  rate  attenuated  by  the  steel  and  aluminum 
shields  from  cobalt-60.  These  data  along  with  barrier  reduction 
factors  are  listed  in  Tables  3.4,  and  3.  5.  Detector  locations 
are  shown  in  Figs.  2.  9  and  2,  10.  Some  of  the  steel  data  are  shown 
in  graphical  form  in  Fig.  3.3, 
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POSITION  I 


TABLE  3.4.  VERTICAL  BARRIER  STEEL  SHIELDING  DATA,  100- 
FOOT-RADIUS  RING  COBALT-60  SOURCE,  10-mr 

_ CHAMBERS  _ 

_ Mass  Thickness,  Ib/sqft _ 


Positions 

0 

10.48 

20.  96 

31. 

44 

41. 

92 

52, 

.40 

83. 

84 

Dose  Rate, 

mr 

/hr/  c/ft 

1 

32. 

4 

16.  9 

10.  6 

7. 

23 

4. 

93 

3. 

53 

1. 

43 

2,3,4, 

kS 

32. 

0 

16.  6 

10.  8 

7. 

20 

4. 

76 

3. 

27 

1. 

28 

averaged 

6 

34. 

7 

18.  3 

11.8 

7. 

83 

5. 

13 

3. 

66 

1. 

51 

7 

33. 

9 

17.  7 

11.4 

7. 

59 

5. 

05 

3. 

33 

1. 

50 

8 

33. 

7 

17.2 

11.  1 

7. 

31 

4. 

97 

3. 

53 

1. 

55 

9 

31. 

1 

16.  1 

10.  5 

7. 

00 

4. 

55 

3. 

11 

1. 

28 

10 

30. 

1 

15.  5 

10.  1 

6. 

64 

4. 

40 

3. 

04 

1. 

20 

11 

28. 

3 

14.  6 

9.49 

6. 

30 

4. 

09 

2. 

91 

1. 

05 

12 

27. 

7 

15.2 

10.  1 

6. 

84 

4. 

62 

3. 

12 

1. 

32 

13 

22. 

5 

13. 2 

9.  31 

6. 

35 

4. 

28 

3. 

00 

!• 

29 

14 

19. 

8 

11.5 

8.  32 

5. 

69 

3. 

85 

2. 

74 

1. 

22 

15 

16. 

5 

9.83 

7.  70 

5. 

13 

3. 

36 

2. 

47 

16 

13. 

6 

8.  04 

6.  06 

4. 

28 

2. 

95 

2. 

06 

' 

17 

11. 

6 

7.  17 

5.  33 

3, 

68 

2. 

60 

1. 

94 

0. 

68- 

18 

10. 

2 

6.  31 

4.  80 

3. 

39 

2. 

34 

1. 

52 

Barrier  Reduction  Factor 

1 

1. 

0 

0.  522 

0.  327 

0. 

223 

0. 

152 

lo7 

109 

0. 

0441 

2,3,4, 

&5 

1. 

0 

0.  519 

0.  338 

0. 

225 

0. 

149 

0. 

102 

0. 

0400 

averag 

ed 

6 

1. 

0 

0.  527 

0.  340 

0. 

226 

0. 

148 

0. 

105 

0. 

0435 

7 

1. 

0 

0.  522 

0.  336 

0. 

224 

0. 

149 

0. 

0982 

0. 

0442 

8 

1. 

0 

0.  510 

0.  329 

0. 

217 

0. 

147 

0. 

105 

0. 

0460 

9 

1. 

0 

0.  518 

0.  338 

0. 

225 

0. 

146 

0. 

100 

0. 

0412 

10 

1. 

0 

0.515 

0.  336 

0. 

221 

0. 

146 

0. 

iOl 

0. 

0399 

11 

1. 

0 

0.  516 

0.  335 

0. 

223 

0. 

145 

0, 

103 

0. 

0371 

12 

1. 

0 

0.  549 

0.  365 

0. 

247 

0. 

168 

0. 

113 

0. 

0477 

13 

1. 

0 

0.  587 

0.414 

0. 

282 

0. 

190 

0. 

133 

0. 

0573 

14 

1. 

0 

0.  581 

0.422 

0. 

287 

0. 

194 

0. 

138 

0. 

0616 

15 

1. 

0 

0.  596 

0.  467 

0. 

311 

0. 

204 

0. 

150 

16 

1. 

0 

0.  591 

0.446 

0. 

315 

0. 

217 

0. 

151 

17 

1. 

0 

0.  618 

0.459 

0. 

317 

0. 

224 

0. 

167 

0. 

0586 

18 

1. 

0 

0.  619 

0.  471 

0. 

332 

0. 

229 

0. 

149 

*See  Figs.  2.9  and  2.10 
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TABLE  3.  5.  VERTICAL  BARRIER  ALUMINUM  SHIELDING  DATA, 


100-FT-RADIUS  RING  COBALT -60  SOURCE,  10-mr 
CHAMBERS  -  -  .  ■  _ 


Detector 

position'^' 

Mass 
lb/  sq 

thickness, 

ft 

Mass  thickness^ 

Ib/sq  ft 

0 

1.  5 

36.  67 

0 

7.  5 

36.67 

Dose 

rate,  mr /hr/c/ft 

Barrier  reduction  factor 

1 

32.4 

18.  7 

6.  08 

1.  0 

0.  577 

0.188 

2,  3,4,  &5 
averaged 

32.  0 

18.9 

6.  13 

1.  0 

0.591 

0.  192 

12 

27.  7 

16.  0 

5.  90 

1.0 

0.  578 

0.213 

13 

22.  5 

14.  8 

5.  39 

1.  0 

0.  658 

0.240 

14 

19.  8 

11.  8 

4.  67 

1.  0 

0.  600 

0.23  6 

15 

*See  Figs. 

16.5  8.95 

2.  9  and  2.  10 

3.  80 

1.  0 

0.  542 

0.230 

For  more  expediency  and  little  loss  of  accuracy,  the  Nuclear 
Chicago  Cutie  Pie  was  used  for  the  rest  of  the  vertical  barrier  ex¬ 
periment.  All  the  aluminum  and  part  of  the  steel  attenuation  mea¬ 
surements  were  repeated.  The  cesium- 13  7  measurements  were 
made  at  only  three  or  four  thicknesses  of  shield  material  and  at  only 
Position  A.  (See  Fig.  2.  11).  Data  were  taken  at  Position  B  from  the 
cobalt -60  source  for  wood  and  aluminum.  The  Cutie  Pie  data 
along  with  barrier  reduction  factors  are  tabulated  in  Tables  3.6, 

3.  7  and  3.8. 
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TABLE  3.6.  VERTICAL  BARRIER  SHIELDING  DATA,  100-FT- 


RADIUS  RING  COBALT-60  SOURCE,  NUCLEAR 
CHICAGO  CUTIE  PIE,  POSITION  A* 


Mass  thickness, 
lb/ sq  ft 

Wood  shield 

Dose  rate,  mr /hr /c/ft 

Barrier  reduction 
factor 

0 

31.9 

1.  00 

3.  OZ 

25.  9 

0.  813 

5.  98 

22.  6 

0.  709 

8.  89 

20.  7 

0.  649 

11. 86 

18.  6 

0.  583 

14.  80 

16.  5 

0.  518 

20.  78 

13.4 

0.  420 

29.  84 

9.  32 

0.  292 

35.  64 

8.45 

0.  262 

0 

21. 52 

43. 26 

64.  70 

85.  98 

129.  34 

Concrete  shield 

31.9 

12.  3 

5.  75 

2.  94 

1 .  65 

0.  69 

1.  00 

0.  386 

0.  180 

0. 0923 

0. 0518 

0.  0216 

Aluminum  shield 

0 

31.9 

1.  00 

7.  16 

20.9 

0.  655 

14.  52 

15.3 

0.480 

21.66 

11.  7 

0.  367 

36.  64 

7.  00 

0.219 

59.  12 

3. 44 

0.  108 

88.  29 

1. 34 

0. 0420 

Steel  shield 

0 

31.  9 

1.  00 

10.48 

15.9 

0.498 

20.  96 

9.  83 

0.  308 

52.40 

3.22 

0.  101 

83.  84 

1.  35 

0.  0424 

*See  Fig.  2.11 
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TABLE  3.  7.  VERTICAL  BARRIER  SHIELDING  DATA.  100-FT- 


RADIUS  RING  CESIUM- 13 7  SOURCE,  NUCLEAR 
CHICAGO  CUTIE  PIE. POSITION  A* _ 


Mass  thickness, 
Ib/sq  ft 

Wood  shield 

Dose  rate,  mr/hr/c/ft 

Barrier  reduction 
factor 

0 

13.8 

1.00 

3.  02 

11.4 

0.828 

5.  98 

9.93 

0.720 

14.80 

6.76 

0.490 

0 

21.52 

43.  26 

Concrete  shield 

13.8 

4.  7 

2.07 

1.  00 

0.346 

0.  150 

• 

Aluminum  shield 

0 

13.  8 

1.  00 

7.  16 

8.  74 

0.  634 

14.  52 

5.99 

0,434 

36.64 

2.  34 

0.170 

Steel  shield 

0 

13.8 

1.00 

10.  48 

6.41 

0.464 

20.  96 

3.65 

0.264 

52.40 

0.  93 

o 

o 

*See  Fig.  2,11. 
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TABLE  3.8.  VERTICAL  BARRIER  SHIELDING  DATA,  100  FT- 


RADIUS  RING  COBALT -60  SOURCE,  NUCLEAR 
CHICAGO  CUTIE  PIE,  POSITION  B» 


Mass  Thickness, 
lb  /  sq  ft 

Wood  shield 

Dose  rate,  mr/hr/c/ft 

Barrier  reduction 

factor 

0 

13.2 

1.  00 

3.  02 

11.  8 

0.  895 

5.  98 

11.0 

0.  834 

8.  89 

10.  0 

0.  758 

11,86 

9.  15 

0.  693 

14.  80 

8.  50 

0.  644 

ZO.  78 

7.  20 

0.  546 

29.  84 

5.  62 

0.  425 

35.  64 

4.95 

0.375 

Aluminum  shield 

0 

13.2 

1.  00 

7.  16 

10.  1 

0.  770 

14.  52 

7.  81 

0.  592 

21. 66 

6.  44 

0.  487 

36.64 

4.  39 

0.  333 

59.  12 

2.45 

0.  186 

88.  29 

1.  30 

0. 0985 

*See  Fig.  2.11 

There  was  some  radiation  leakage  through  the  sides  of  the 
bunker.  To  estimate  this  dose  rate,  measurements  were  made  by 
placing  all  the  steel  and  concrete  sheets  at  the  bunker  face.  Data 
were  plotted  and  extrapolated  to  a  mass  thickness  of  1000  Ib/sq  ft. 
The  value  at  this  thickness  was  0.  3  mr/hr/c/ft  for  cobalt-60  data. 
It  is  noted  in  Table  3.6  that  the  dose  rate  through  the  largest  shield 
(129  Ib/sq  ft  of  concrete)  is  more  than  twice  this  leakage  dose  rate. 

An  estimate  of  this  radiation  leakage  for  cesium- 137  was  made 
from  the  cobalt-60  data. 
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3.3  HORIZONTAL  BARRIERS 

The  first  set  of  horizontal  barrier  measurements  was  made 
for  steel  slabs  at  the  vertical  bunker  arrangement  (see  Fig.  2.  7) 
from  a  ring  source  of  cobalt-60.  These  data  are  shown  in  graph¬ 
ical  form  in  Fig.  3.  4.  The  geometry  was  such  that  the  top  of  the 
shield  was  not  exposed  to  scattering  angles  of  less  than  about  4°. 

This  bunker  did  not  have  a  lead  liner.  The  solid-angle  fraction  val¬ 
ues  (  U  )  given  in  the  graph  refer  to  the  detector -shield  geometry. 

The  remainder  of  the  horizontal  shield  data  were  taken  in  the 
round  hole,  the  top  of  which  was  flush  with  the  ground.  The  walls 
and  lip  were  of  lead.  All  data  have  been  corrected  for  background. 

The  primary  detector  for  the  wood  and  aluminum  sheets  was  the 
10-mr  ion  chamber.  Its  small  physical  size  provided  good  geometry 
for  the  experiment.  A  few  other  measurements  were  made  with  the 
1-mr  chambers  and  the  Cutie  Pie  instrument  for  large  thicknesses 
to  support  those  from  the  10-mr  chambers.  Data  for  the  wood 
shielding  material  are  tabulated  in  Table  3.  9,  and  shown  in  Fig. 

3.5.  Data  for  the  aluminum  shielding  material  are  tabulated  in 
Table  3.10  and  shown  in  Fig.  3.  6. 


TABLE  3.  9.  HORIZONTAL  BARRIER  DATA  FOR  WOOD,  100  FT 

DISTANCE,  COBALT-60  SOURCE,  10-mr  CHAMBERS 


Det. 

depth, 

in. 

u 

Mass  thickness,  lb/ 

sq  ft 

0 

0.75 

1.50 

3.  0 

6.  0 

15.  0 

30.  0 

Dose  rate,  mr/nr/c 

1.  37 

0.  949 

0.  121 

0.084 

0.  065 

0.057 

0.  045 

0.  034 

"0702 1 

5.  12 

0.  813 

0.  0705 

0.  054 

0.  047 

0.  043 

0.  037 

0.  028 

0.  017 

9.  62 

0.  664 

0.  0465 

0.  037 

0.  034 

0.  031 

0.  028 

0.  022 

0.  013 

14.  37 

0.  53  0 

0.  0325 

0.  027 

0.  024 

0.  023 

0.  021 

0.  017 

0.  010 

17:  12 

0.464 

0.  0275 

0.  022 

0.  020 

0.  019 

0.  018 

0.  014 

0. 0086 

23.  87 

0.  339 

0.  0184 

0.  016 

0.013 

0.013 

0 .  0  12 

0. 0098  0. 0061 

28.  87 

0.  269 

0.  0140 

0.012 

0.  010 

0. 0098 

0. 0092  0.  0075 

0. 0048 

33.  62 

0.  220 

0.  0110 

0.  0098 

0.  0079 

d.  0078 

0.  0073 

0.  0061 

0.  0039 

38.  50 

0.  181 

0.  00880 

0.  0080 

0.0063 

0. 0062 

0. 0058 

0.  0049  0. 0032 

63,  00 

0.  0655  0. 00270 

0.  0032 

0. 0020 

0. 0020 

0.  0019  0.  0016 

0. 0012 
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Fig.  3,  5  --  Horizontal  barrier  data  for  wood,  cobalt- 60  source  at  100  ft, 
10-mr  chambers. 


TABLE  3.  10.  HORIZONTAL  BARRIER  DATA  FOR  ALUMINUM, 
100  FT  DISTANCE, COBALT-60  SOURCE,!  mr 
AND  10  mr  CHAMBERS 


Det. 

depth, 

in. 

w 

Mass  thickness, 

0  7.5 

lb/  sq  ft 

3  7.5 

75 

Dose 

rate,  mr/hr/c 

2.  00 

0.  917 

0.  107 

0.039 

0. 0088 

0.0015 

10.  25 

0.  607 

0.0402 

0.  024 

0. 0066 

0. 0013 

20.00 

0.  360 

0. 0198 

0.  014 

0.  0043 

0.00093 

24.  75 

0.282 

0. 0148 

0.  on 

0.0035 

0. 00080 

29.  25 

0.  227 

0. 0113 

0. 0090 

0. 0029 

0. 00068 

34.  00 

0.  183 

0. 00900 

0.  0075 

0. 0023 

0. 00057 

38.  75 

0.  150 

0. 00700 

0. 0061 

0. 0019 

0. 00048 

63.00 

0. 0655 

0. 00270 

0.0029 

0. 00079 

0.00021 

The  main  detector  for  the  steel  shields  was  the  1-mr  chambers. 
A  few  measu'rements  with  the  10 -mr  chambers  and  the  Cutie  Pie 
instrument  confirmed  the  l-mr  chamber  findings.  Data  for  the 
steel  sheets  are  tabulated  in  Table  3.11  and  shown  in  Fig.  3.  7. 

TABLE  3.11.  HORIZONTAL  BARRIER  DATA  FOR  STEEL,  100  FT 
DISTANCE,  COBALT -60  SOURCE,  l-mr  CHAMBERS 


Det.  _ Mass  thickness,  Ib/sq  ft 


depth , 

U) 

0 

10.5 

o 

Is 

52.  0 

105 

in. 

Dose  rate, 

mr /hr  /  c 

1.  58 

0.945 

0.  120 

0.  027 

0.  016 

0.0041 

0.00048 

14.  25 

0,490 

0. 0295 

0.  015 

0.  010 

0. 0030 

0. 00034 

27.  25 

0.250 

0. 0128 

0.  0077 

0. 0055 

0. 0018 

0.00020 

49.  54 

0.  100 

0. 00440 

0. 0029 

0.  0019 

0. 00070 

0. 000078 

63 .  00 

0.  0655 

0. 00270 

0 . 00 18 

0. 0012 

0. 00042 

0.000049 

All  concrete  data  were  taken  with  l-mr  chambers.  These 
data  are  tabulated  in  Table  3.  12.  Data  were  also  taken  for  132  lb/ 
sq  ft  mass  thickness  of  concrete  but  are  not  included  because  of 
poor  geometry.  It  turned  out  that  the  overlap  of  the  shield  over 
the  edge  of  the  hole  was  not  as  much  as  the  thickness;  therefore  the 
data  were  considered  invalid.  Time  did  not  permit  larger  shields 
to  be  constructed. 

The  "no  shield"  data  in  Tables  3.  9  through  3.  12  were  taken, 
from  the  smoothed  curve  in  Fig.  3.  1. 
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Fig.  3.  7  -  Horizontal  barrier  data  for  steel,  cobalt- 60  source 
at  100  ft,  1-mr  chambers. 
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TABLE  3.12,  HORIZONTAL  BARRIER  DATA  FOR  CONCRETE, 
100  FT  DISTANCE,  COBALT-60  SOURCE,  1-mr 
_ _  CHAMBERS 

Det.  Mass  thickness,  Ib/sq  ft  _  . . 

depth,  U  0  ; _ 22  44  _ 

in.  _  Dose  rate,  mr/hr/c _ _ . 

2. 25  0. 907  0.  103  0.015  ~  0. 0053  ~~ 

36.00  0.168  0.00800  0.0043  0.0016 

62.00  0.067  0.00278  0.0021  0.00075 


chapter  4 

ANALYSIS  AND  CONCLUSIONS 


4.  1  OPEN  HOLE 

4.  1.  1  Dose  Versus  Distance 

The  total  scattered  gamma  radiation,  D®,  at  a  detector  in  an 
infinite  medium  of  air  a  distance,  d,  from  an  isotropic  point  source 
of  radiation  can  be  represented  as: 

^  .9^...  ^ (4.1) 

where  D®  =  total  scattered  gamma  radiation 

Q  =  A  source  strength  normalization  factor,  14.53  X  10^ 
mr/hr  1  ft  from  a  1-curie  cobalt-60  source 
d  =  source-to-detector  distance  in  feet 
M-  =  the  total  linear  absorption  coefficient  for  air 
B(|i  d)  =  the  dose  buildup  factor 

Berger^  has  expressed  the  buildup  factor,  B(  p  d),  for  a  1.25-Mev 
isotopic  point  source  in  an  infinite  water  medium  as: 

B  (Hid)  =  1  +  |id[  1.325  e®*  -0.  461  e'°*  ]  (4.2) 

To  compare  with  experimental  data,  the  collimation  of  the 
detector  and  the  presence  of  the  ground  must  be  considered  (see  Fig.  4.  1). 
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Fig.  4.1  -  Conical  detector  pointing  90®  away  from  the  source -detector  line,  isotropic  point 
cobalt-60  source,  source  and  detector  at  the  air-ground  interface. 


The  detector  response,  S,  of  a  conical  detector  pointing  90^ 
away  from  the  source  detector  line  as  in  Fig.  4.  1  can  be  expressed 
as: 

S  =  G  K  D®  (4.3) 

a 

where  G  is  a  directional  response  correction  factor  to  correct  for  the 
collimation  of  the  detector  and  Ka  is  an  interface  correction  factor  to 
correct  for  the  presence  of  the  ground.  The  value  of  G  is  taken  as 
half  the  geometry  reduction  factor  of  Case  2  in  Fig.  2.  3.  These  re¬ 
duction  factors  were  taken  from  Spencer^,  who  assumes  an  ideal 
collimated  detector  in  an  infinite  medium  of  air.  Because  of  the 
strong  forward  component  of  the  air -scattered  radiation,  one  would 
expect  the  single  scattered  photons  to  dictate  the  angular  distri¬ 
bution  and,  therefore,  the  presence  of  the  ground  is  not  expected  to 
greatly  influence  their  angular  distribution.  One  further  assumes  the 
buildup  factor  expression  for  water  (Equation  4.  2)  is  applicable  for 
air  with  suitable  density  scaling. 

It  is  of  interest  to  calculate  values  of  S  for  the  homogeneous 
medium  case  (Ka=l).'  These  calculations  will  later  be  compared  to 
experimental  data  to  derive  values  of  The  value  of  G  was  taken 

as  0.30  for  a  solid-angle  fraction  of  0.86  (Fig.  2.3)  corresponding 
to  the  detector  position  of  the  spherical  ion  chamber.  This  value  of 
G  was  assumed  to  be  constant  for  all  values  of  d.  The  air  density 
for  the  conditions  of  this  experiment  was  used  for  the  calculations. 
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The  results  of  the  calculations  are  given  in  Table  4.  1  for  point 
sources  and  for  ring  sources. 


TABLE  4.  1.  CALCULATED  SKYSHINE  DOSE  RATE  FOR  A  COLLI¬ 


MATED  DETECTOR  ( to  =  0.  86)  a  DISTANCE  d  FROM 
A  COBALT -60  SOURCE  IN  AN  INFINITE  HOMOGEN- 
OUS  MEDIUM  OF  AIR 


Distance  d, 
ft 

Point  Source, 
mr/hr /c 

Ring  Source, 
mr/hr /c/ft 

10 

0.  615 

3  8.  6 

50 

0.  121 

38.  0 

100 

0. 0600 

37.  7 

150 

0. 0382 

36.  0 

250 

0.0195 

30.  6 

440 

0. 00780 

21.  5 

700 

0. 00329 

14.  5 

1000 

0. 00144 

9.  04 

1500 

0. 000479 

4.21 

For  ease  of  presentation,  the  data  from  a  point  source  of 
cobalt-60  were  multiplied  by  2  tt  d  to  correspond  to  a  ring-source 
configuration.  The  resulting  values  along  with  the  calculations  are 
shown  in  Fig.  4.2,  Some  measurements  made  by  other  experi- 
menters^^"^  corrected  for  the  appropriate  solid-angle  fraction,  are 
also  presented  for  comparison.  The  dashed  line  was  drawn  through 
the  experimental  points  available.  The  value  of  for  a  given  dis¬ 
tance  corresponds  to  the  ratio  of  the  experimental  value  to  the 
calculated  value.  These  values,  taken  from  the  smoothed  curves, 
are  listed  in  Table  4.2  for  several  distances  corresponding  to  0.  1 
to  2.  5  mean  free  paths  (mfp).  Under  the  experimental  conditions 
of  this  project,  a  mfp  in  air  was  about  530  feet. 

In  evaluating  experimental  data,  Fig.  4.2  shows  that  results 
are  consistent  and  compare  well  with  other  experimental  data.  Also 
listed  in  Table  4.  2  for  comparison  are  values  of  K,  representing 
correction  factors  for  the  total  radiation  at  or  slightly  above  the 
interface  for  cobalt-60  sources  at  the  interface  (as  defined  by 
Berger^).  For  both  cases  (total  and  skyshine  radiation)  and  for 
sources  near  the  detector,  the  earth  acts  effectively  as  a  scatterer 
and  hence  the  values  of  the  correction  factors  (K  and  K^)  are 
greater  than  one.  For  large  source-to-detector  distances,  the 
earth  acts  effectively  as  an  absorber  of  air -scattered  radiation  and 
thus  the  values  are  less  than  one.  For  both  small  and  large  source - 
detector  distances,  values  of  were  found  to  be  greater  than 
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60  source, 


TABLE  4.  2.  AIR-GROUND  INTERFACE  CORRECTION  FACTORS, 


FOR  RADIATION  FROM  COBALT-60.  (Source  and 
Detector  at  or  near  the  interface.  ) _ 


Mean  free  path 
in  air,  mfp 

K^(experimental) 

for 

skyshine  radiation 

K(theoretical)''' 

for 

total  radiation 

0.  1 

1.  53 

1.  18 

0.  2 

1.  28 

1.  17 

0.  3 

1.  11 

1.  14 

0.  4 

1.01 

1. 07 

0.  5 

0.  97 

1.  01 

0.  75 

0.  92 

0.  91 

1.  0 

0.  91 

0.  83 

1.  5 

0.  85 

0.  72 

2.  0 

0.  79 

0.  64 

2.5  0.70 

^Calculated  by  Berger  1 

0.  58 

the  values  of  K.  For  intermediate  distances  (0.  5  mfp)  both  values 
are  about  1.  0. 

The  calculations  may  slightly  overestimate  the  buildup  for 
large  distances  because  of  the  assumption  that  the  buildup  factor 
expression  for  water  applies  to  air.  ^  However,  a  compensating 
effect  may  be  the  slight  change  of  angular  distribution  with  dis¬ 
tance. 

Factors  influencing  the  accuracy  of  the  experimental  data 

were: 

1.  Source  calibration. 

2.  Detector  accuracy  and  calibration. 

3.  Temperature-and-pressure  correction  for  detectors. 

4.  Nonisotropy  of  the  source. 

5.  Nonisotropy  of  the  detectors. 

6.  Detector  positioning, 

7.  Source-detector  geometry. 

8.  Energy  response  of  the  detectors. 

Source  calibration  was  considered  accurate  to  within  3%. 
Detectors  after  calibration  correction  were  assumed  to  be  accurate 
to  ±  10%.  However,  most  of  the  reported  data  points  are  an  aver¬ 
age  of  two  or  more  readings  and  thus  should  be  accurate  to  within 
approximately  7%.  A  maximum  of  1%  error  was  possible  for  the 
temperature-and-pressure  correction.  As  can  be  seen  in  Figs. 

2,  18  and  2.  19,  the  source  was  nonisotropic.  How^ever,  it  was 
always  placed  such  that  the  long  axis  was  perpendicular  to  the  line 
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from  source  to  detector.  Since  radiation  tends  to  be  scattered 
preferentially  in  the  forward  direction,  and  since  most  of  the  large - 
angle  scattered  radiation  reaching  the  detector  had  been  scattered 
near  the  detector  rather  than  near  the  source,  the  effect  of  the 
anisotropy  of  the  source  is  considered  negligible,  especially  for 
large  source-detector  distances.  Detectors  were  positioned  such 
that  the  effect  of  their  anisotropy  was  minimized.  Detectors  were 
placed  within  1/8  in.  of  the  desired  locations.  The  center  of  the 
detector  was  assumed  to  be  the  effective  detector  location.  This 
assumption  may  have  resulted  in  small  errors  for  the  larger 
detectors. 

The  geometry  of  the  hole  was  as  ideal  as  was  consistent 
with  practical  field  operations.  However,  there  were  probably 
some  errors  due  to  source -height  effects  and  scattering  off  near¬ 
by  material  (sandbags  1-l/Z  ft  high  a  few  yards  away,  for  example) 
for  small  source -detector  distances. 

As  can  be  seen  in  Fig.  2.20  the  chamber  responses  were 
essentially  flat  for  energies  from  1.  25  Mev  down  to  about  100  kev 
and  dropping  to  20  to  25%  low  at  40  kev.  The  contribution  of  low- 
energy  radiation  may  be  large.  Clifford^  reports  "that  at  angles 
greater  than  3  0^  above  the  horizon  the  bulk  of  the  scattered  radiation 
and  hence  the  bulk  of  the  dose  received  is  due  to  energies  less  than 
300  kev.  "  He  also  reports  that  at  a  depth  of  1  meter  in  a  2-meter 
diameter  hole,  at  least  one -third  of  the  dose  received  is  from  rad¬ 
iation  with  energies  less  than  100  kev.  His  measurements  were 
from  a  cesium- 137  source.  Because  no  measurements  were  made 
of  the  energy  spectrum,  no  corrections  were  made  for  energy  re¬ 
sponse  of  the  chambers. 

The  detectors  may  have  overresponded  at  small  source - 
detector  distances  because  of  electrons,  caused  by  free-air  ioniza¬ 
tion  above  the  ground  (an  inch  or  two  above  the  top  detector), 
penetrating  the  chamber  walls.  To  evaluate  this  possible  error, 

1/16  in.  of  polyethlene  was  placed  around  the  10-mr  chambers  and 
the  100-ft  measurements  repeated.  The  polyethlene  plus  the  chamber 
walls  provided  enough  mass  to  stop  1-Mev  electrons.  The  chambers 
read  about  4%  lower  with  the  polyethlene  cover  than  without  it. 

While  the  polyethlene  cover  probably  absorbed  some  electrons  that 
would  have  penetrated  the  chamber  walls,  it  also  absorbed  some 
low-energy  photons  that  also  would  have  been  read  by  the  chamber. 
For  this  reason  no  correction  was  made  in  the  data. 

Experimental  data  from  this  experiment  compare  satisfactor¬ 
ily  with  theoretical  calculations  and  with  other  experimental  measure¬ 
ments  by  AFRRI^  and  TOR"^. 
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It  is  of  interest  to  know  the  sky  shine  dose  rate  in  ^e  hole  as 
a  function  of  radius  of  contamination.  An  estimate  of  these  values 
was  obtained  from  the  data  and  plotted  in  Fig.  4.  3  for  the  top  of  the 
hole  (solid-angle  fraction  of  1,  0).  A  value  of  51  mr/hr  is  esti¬ 
mated  for  an  infinite  plane  of  cobalt -60  contaminated  to  a  density 
of  1  mc/sq  ft.  This  value  is  about  10%  of  the  estimated  total  dose 
rate  (500  mr/hr)  3  ft  above  ground.  This  compares  with  8.  8% 
calculated  by  Spencer^  for  standard  temperature  and  pressure.  It 
is  noted  that  50%  of  the  skyshine  contribution  originates  from  con¬ 
tamination  beyond  350  ft, 

4.  1, 2  Geometry  Reduction 

Note  in  Fig  .  3.  1  that  experimental  data  for  d  =  100  ft  are 
somewhat  spotty,  especially  for  positions  near  the  bottom  of  the 
hole.  However,  because  of  the  volume  of  data  taken,  a  high  degree 
of  confidence  is  placed  on  the  smoothed  curve  through  the  experi¬ 
mental  points.  This  smoothed  curve  was  normalized  to  a  dose  rate 
of  1,  0  at  w  =  1.0  and  is  compared  to  a  calculated  curve  for 
d  =  100  ft  in  Fig.  4.4.  The  calculated  geometry  reduction  curve  is 
duplicated  from  Fig.  2.3.  It  can  be  seen  that  the  agreement  of  the 
two  curves  is  excellent.  It  is  concluded  that  the  calculated  geom¬ 
etry  factor  describing  the  response  of  a  conical  detector  pointed 
90^  away  from  the  source -to-detector  line  for  a  source-detector 
distance  of  100  ft  in  air  is  confirmed  by  experimental  data. 


4.1.3  Lip  Scatter  and  Wall  Backscatter 

Measurements  in  a  hole  with  a  steel  liner  and  lead  lip  showed 
no  noticeable  difference  from  those  in  a  hole  with  a  lead  liner  and 
lead  lip.  While  no  major  difference  was  noted  when  the  hole  con¬ 
tained  earth  walls  and  an  earth  lip,  a  small  increase  (10  to  20%) 
was  noted  at  positions  near  the  bottom  of  the  hole  (w  <  0.  15). 

If  the  lip  of  the  hole  would  protrude  above  ground  even  a 
small  amount,  a  major  increase  in  dose  rate  would  be  observed  in 
the  hole.  Measurements  showed  an  increase  of  about  25%  at  a 
solid-angle  fraction  of  0,  5  when  the  earth  lip  was  from  1/4  to 
1/2  in.  above  ground  level  and  the  cobalt-60  source  was  at  100  ft. 
The  height  of  the  source  was  also  about  1/2  in.  above  ground. 

4.  2  VERTICAL  BARRIERS 

The  main  purpose  of  the  vertical  barrier  experiment  was  to 
study  the  barrier  attenuation  of  skyshine  radiation.  The  point  of 
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MC/SQ  FT 


[integrated  from  experimental  smoothed  curve  i 


GEOMETRY  REDUCTION  FACTOR 


Fig.  4.  4  -  Geometry  factor  describing  the  detector  response  to 
skyshine  radiation  of  a  conical  detector  pointed  90^  from  the  source- 
to>detector  line;  source -detector  distance  in  air,  100  ft;  cobalt-60 
isotropic  point  source. 


64 


interest,  therefore,  was  the  detector  positions  immediately  behind 
the  shield.  Measurements  were  also  made  at  other  positions  for 
informational  purposes. 

All  data  were  normalized  to  the  ''no  shield”  dose  rate  and 
barrier -reduction  factors  were  determined  for  each  shield  mater¬ 
ial  and  position.  Vertical  barrier  reduction  curves  for  steel  and 
cobalt- 60  are  shown  in  Fig.  4.  5.  Figures  2.  9,  2.10,  and  2,  1 1 
should  be  referred  to  for  location  of  detector  positions.  The  lower 
curve  of  Fig.  4.  5  is  for  detectors  located  immediately  behind  the 
shield.  Less  attenuation  is  provided  at  positions  further  in  the 
bunker.  This  is  understandable  since  a  greater  percentage  of  ra¬ 
diation  arriving  at  these  positions  has  penetrated  the  shield  in  a 
more  nearly  normal  direction. 

Figure  4.  6  shows  the  barrier  reduction  factor  curves  for  alum¬ 
inum  and  cobalt-60.  For  comparison  a  curve  for  a  vertical  barrier 
exposed  to  the  total  radiation  (direct  plus  skyshine)  is  included.  This 
curve  is  from  Spencer's  Monograph^  for  cobalt-60  and  is  rep¬ 
resented  schematically  in  Case  2  in  Fig.  2.2. 

A  comparison  of  attenuation  provided  by  four  different  mater¬ 
ials  for  the  front  position  and  for  cobalt-60  is  shown  in  Fig.  4.  7. 

For  this  configuration,  a  steel  shield  is  more  efficient  than  con¬ 
crete  and  aluminum,  and  these  in  turn  are  better  than  wood.  This 
is  as  one  would  expect  since  a  large  part  of  the  radiation  reaching 
the  detector  is  from  low-energy  photons.  All  data  points  are  con-  ’ 
sis  tent  among  themselves,  with  the  exception  of  the  concrete  data 
for  129  Ib/sq  ft.  At  this  thickness  the  dose  rate  is  very  low  and, 
therefore,  errors  are  large  for  the  instrumentation  used. 

A  comparison  of  attenuation  provided  by  the  four  different 
materials  for  the  front  position  and  for  cesium-137  is  shown  in 
Fig.  4.  8.  The  same  trend  is  noted  for  the  cesium- 137  data  as  for 
the  cobalt- 60  data.  Wood  and  aluminum  material  attenuation  for 
both  cobalt-60  and  cesium-137  are  presentedin  Fig,  4.9.^  The 
shields  provide  greater  attenuation  to  skyshine  originating  from 
cesium- 13  7  than  from  cobalt-60  except  for  very  small  mass  thick¬ 
nesses. 

It  must  be  understood  that  all  vertical  shield  data  have  been 
presented  relative  to  the”no  shield”case  for  each  of  the  two  sources 
separately. 

There  are  no  theoretical  calculations  (known  to  the  authors) 
directly  applicable  to  the  vertical  shield  configuration.  For  com¬ 
parison,  results  of  the  concrete  data  are  presented  in  Fig.  4.  10 
along  with  three  other  source -detector  -  shield  configurations  taken 

from  Spencer's  Monograph^  for  cobalt-60  contamination.  Cases 

7  -T  0 

1  and  2  have  been  verified  by  other  experimenters.  Case 

(Text  continued  on  page  72) 


65 


BARRIER  REDUCTION  FACTOR 


Fig.  4,  6  -  Vertical  barrier  reduction  for  aluminum  from  skyshine 
radiation  originating  from  a  ring  source  of  cobalt- 60  at  a  100-ft 
radius. 
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BARRIER  REDUCTION  FACTOR 


MASS  THICKNESS,  LB/SQ  FT 


Fig.  4.  8  -  Vertical  barrier  reduction  from  skyshine  radiation 
originating  from  a  ring  source  of  cesium- 137  at  a  100 -ft  radius 
Position  A. 


BARRIER  REDUCTION  FACTOR 


Fig.  4.  9  -  Vertical  barrier  reduction  from  skyshine  radiation 
originating  from  a  ring  source  of  cobalt-60  or  cesium-137  af 
a  100-ft  radius.  Position  A, 
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REDUCTION  FACTOR 


Fig.  4,  10  -  Barrier  shielding  effects  for  cobalt- 60  contamination. 


3  will  be  discussed  in  the  next  section.  Case  4  is  the  result  of  the 
vertical  barrier  experiment  for  concrete. 

4.  3  HORIZONTAL  BARRIERS 

The  point  of  primary  interest  in  the  horizontal  barrier  ex¬ 
periment  was  the  top  detector.  Therefore,  the  time  of  exposure 
was  such  as  to  obtain  maximum  accuracy  of  readings  for  the  top 
detectors.  Since  dose  rates  varied  by  a  factor  of  50  from  top  to 
bottom  of  the  hole,  three  separate  exposures  were  needed  to  get 
accurate  enough  readings  at  all  positions.  Even  then,  the  lower- 
position  detector  readings  were  low  and,  therefore,  less  reliable 
than  readings  from  the  upper  detectors.  This  is  noticeable  in  the 
spread  of  data  for  the  thin-shield  cases  (Figs.  3.  5  and  3.  6.  ) 

Data  in  Figs.  3.  5,  3.  6  and  3.  7  were  smoothed  and  plotted  as  a 
function  of  solid-angle  fraction  ( cj  )  for  the  various  thicknesses. 
Extrapolations  to  a  solid-angle  fraction  of  one  were  then  obtained 
for  all  the  materials  and  thicknesses.  Barrier,  geometry,  and 
barrier-and-geometry  reduction  factors  were  then  obtained  for 
various  solid-angle  fractions.  These  values  are  listed  in  Tables 
4.  3  through  4.  10  and  presented  in  graphical  form  in  Figs.  4.  11 

through  4.  19.  ,  , 

(Text  continued  on  page  75) 

TABLE  4.  3.  SMOOTHED  DATA  SHOWING  BARRIER  REDUCTION 


PROVIDED  BY  HORIZONTAL  WOOD  SLABS  AGAINST 
SKYSHINE  RADIATION,  COBALT -60  SOURCE  AT 
100  FT 


CO 

Mass 

thickness , 

lb/ sq  ft 

0 

0.  75 

1.5 

3.  0 

6.  0 

15.  0 

30.  0 

Barrier  Reduction  factor 

1.  0 

1.0 

0.  69 

0.49 

0.  43 

0.  33 

0.  25 

0.  15 

0.9 

1.  0 

0.  71 

0.  58 

0.  51 

0.  42 

0.  32 

0.  19 

00 

• 

o 

1.  0 

0.  75 

0.  66 

0.  59 

0.  61 

0;  39 

0.  23 

0.  7 

1.  0 

o 

« 

00 

0.  71 

0.  64 

o 

oc 

0.  44 

0.  27 

0.  5 

1.0 

0.  81 

0.  75 

0.  70 

0.  64 

0.  51 

0.31 

0.  Z5 

1.  0 

0.  8Z 

0.  74 

0.  69 

0.  65 

0.  54 

0.  34 

0.  15 

1.0 

0.89 

0.  78 

0.  73 

0.  68 

0.  57 

0.  38 

o 

o 

1.0 

0.91 

0.  8Z 

0.  74 

0.  68 

0.  59 

0.40 

0.  060 

1.  0 

0.  9b 

0.  87 

0.  80 

0.  7Z 

0.  63 

0.  44 
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TABLE  4.4.  SMOOTHED  DATA  SHOWING  BARRIER  AND  GEOMETRY 


REDUCTION  PROVIDED  BY  HORIZONTAL  WOOD  SLABS 
AGAINST  SKYSHINE  RADIATION,  COBALT-60  SOURCE 
AT  100  FT  _ _ _ 


(0 

Mass  thickness, 

Ib/sq  ft 

0 

0.  75 

0.5 

3.  0 

6.  0 

15.  0 

30.  0 

Barrier 

-e^eometry  reduction  factor 

1.  0 

1.0 

0.  69 

0.49 

0.  43 

0.  33 

0.  25 

0.  15 

0.  9 

0.  67 

0.47 

0.  39 

0.  34 

0.  28 

0.  21 

0.  13 

0.  8 

0.47 

0.  35 

0.  31 

0.  28 

0. 14 

0.  18 

0.  11 

0.  7 

0.35 

0.  27 

0.  25 

0.  22 

0.20 

0.  15 

0.  093 

0.  5 

0.20 

0.  16 

0.  15 

0.  14 

0.  13 

0.  10 

0.  063 

0.  Z5 

0.  087 

0.  071 

0.  064 

0.  060 

0.057 

0.  047 

0.  03  0 

0.  15 

0.  047 

0.  041 

0.036 

0.  034 

0.  032 

0.  027 

0.  018 

0.  10 

0.  029 

0.  027 

0.  024 

0.  022 

0.  020 

0.  017 

0.  012 

0.  060 

0.  016 

0.  015 

0.  014 

0.  013 

0.  012 

0.  010 

0.  0070 

TABLE  4.  5. 

SMOOTHED  DATA  SHOWING  BARRIER  REDUCTION 
PROVIDED  BY  HORIZONTAL  ALUMINUM  SLABS 
AGAINST  SKYSHINE  RADIATION,  COBALT-60  SOURCE 
AT  100  FT 

(jJ  _ 

Mass  thickness, 

lb  /  sq  ft 

0 

7.  5 

3  7.  5 

-  75 

Barrier  reduction  factor 

1.  0 

1.  0 

0.30 

0.  061 

0. 0099 

0.  9 

1.  0 

0.38 

0.  086 

0.014 

0.  8 

1.  0 

0.  47 

0.  11 

0.  020 

0.  7 

1.  0 

0.54 

0.  14 

0.  025 

0.  50 

1.  0 

0.65 

0.19 

0.  038 

0.  25 

1.  0 

0.  71 

0.  24 

0.  056 

0.  15 

1.  0 

0.  79 

0.  27 

0.  068 

0.10 

1.0 

0.  83 

0.  28 

0.  074 

0.  060 

1.  0 

0.91 

0.  30 

0.081 
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TABLE  4.  6.  SMOOTHED  DATA  SHOWING  BARRIER  AND 

GEOMETRY  REDUCTION  PROVIDED  BY  HORI¬ 
ZONTAL  ALUMINUM  SLABS  AGAINST  SKYSHINE 
RADIATION,  COBALT-60  SOURCE  AT  100  FT 

(J 

!,  lb.  sq  ft 

0 

7.  5 

37.  5 

75 

1.  0 

1.  0 

0.  30 

0.  061 

0. 0099 

0.9 

0.  67 

0.25 

0.  057 

0. 0096 

0.  8 

0.47 

0.22 

0.053 

0. 0093 

0.  7 

0.35 

0.  19 

0.  049 

0. 0088 

0.5 

0.20 

0.  13 

0.  038 

0. 0076 

0.  25 

0.087 

0.  061 

0.  021 

0. 0049 

0.  05 

0.  047 

0.  037 

0.  013 

0. 0032 

0.  10 

0.  029 

0.  024 

0. 0083 

0. 0022 

0.  060 

0.  016 

0.  015 

0.  0048 

0. 0013 

TABLE  4.  7.  SMOOTHED  DATA  SHOWING  BARRIER  REDUCTION 

PROVIDED  BY  HORIZONTAL  STEEL  SLABS  AGAINST 
SKYSHINE  RADIATION,  COBALT -60  SOURCE  AT 

_  100  FT _ 

U3  _ Mass  thickness,  Ib/sq  ft  _ 

0 _ 10.5  21.0  52.5 _ 1£5 _ 

_ Barrier  reduction  factor 


1.  0 
0.9 
0.5 
0.  25 
0.  15 


1.0 

0.  18 

0.  11 

0.  027 

0.  0033 

1.0 

0.  26 

0.  15 

0.  040 

0.  0046 

1.0 

0.  51 

0.  34 

0.  10 

0.  012 

1.  0 

0.  59 

0.42 

0.  13 

0.016 

1.0 

0.  63 

0.  46 

0.  14 

0.  018 

1.0 

0.  65 

0.46 

0.  15 

0.  019 

1.0 

0.  68 

0.47 

0.  15 

0.  020 

0.  10 

0.  060 


1.0 

1.0 


TABLE  4.  8.  SMOOTHED  DATA  SHOWING  BARRIER  AND  GEOM¬ 


ETRY  REDUCTION  PROVIDED  BY  HORIZONTAL 
STEEL  SLABS  AGAINST  SKYSHINE  RADIATION, 
COBALT -60  SOURCE  AT  100  FT _ _ 


0) 

Mass 

thickness, 

Ib/sq  ft 

0 

10.  5 

21.  0 

52.  5 

105 

Barrier-geometry  reduction  factor 

1.  0 

1.  0 

0.  18 

0.  11 

0.027 

0.0033 

0.  9 

0.  67 

0.  17 

0.  10 

0.  026 

0.0031 

0.  5 

0.  20 

0.  10 

0.  068 

0.  020 

0. 0023 

0.25 

0.  087 

0.  051 

0.036 

0.  on 

0.0014 

0.  15 

0.  047 

0.  029 

0.  021 

0. 0067 

0. 00084 

0.  10  ‘ 

0.  029 

0.  019 

0.013 

0.0043 

0. 00055 

0.  060 

0.  016 

0.  on 

0.  0075 

0. 0024 

0.00031 

TABLE  4.  9.  SMOOTHED  DATA  SHOWING  BARRIER  REDUCTION 


PROVIDED  BY  HORIZONTAL  CONCRETE  SLABS 
AGAINST  SKYSHINE  RADIATION,  COBALT-60 
SOURCE. AT  100  FT _ _ _ 


Mass  thickness,  Ib/sq  ft 


0  22 

44 

Barrier  reduction  factor 

1.0 

1.0 

0.11 

0.  036 

0.  15 

1.0 

0.  57 

0.21 

0.060 

1.  0 

0.81 

0.28 

TABLE  4.  10.  SMOOTHED  DATA  SHOWING  BARRIER  AND  GEOM¬ 


ETRY  REDUCTION  PROVIDED  BY  HORIZONTAL 
CONCRETE  SLABS  AGAINST  SKYSHINE  RADIATION, 
COBALT- 60  SOURCE  AT  100  FT  _ _ 


to 

Mass  thickness,  Ib/sq  ft 

0 

22 

44 

Barrier -geometry  reduction  factor 

1.  0 

-  1.0 

0.11 

0.036 

0.  15 

0.047 

0.  027 

0.  010 

0.  060 

0.  016 

0.  013 

0.0045 

In  this  source -shield-detector  configuration,  a  small  amount 
of  shielding  material  provides  a  large  amount  of  protection  for 
positions  near  the  shield.  This  is  strongly  emphasized  in  the  wood 
data  (Fig.  4.  11)  where  thin  sheets  of  plywood  were  used.  One  inch 
of  wood  reduced  the  dose  rate  a  factor  of  3.  This  is  not  surprising, 

(Text  continued  on  page  85) 
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BARRIER  REDUCTION 


Fig.  4.  11  -  Smoothed  data  showing  barrier  reduction  provided 
by  horizontal  wood  slabs  against  skyshine  radiation  from  cobalt- 60. 
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GEOMETRY  REDUCTION 


BARRIER  a  GEOMETRY  REDUCTION 


Fig.  4.  13  -  Smoothed  data  showing  barrier-and-geometry  reduction 
provided  by  horizontal  wood  slabs  against  skyshine  radiation  from 
cobalt~60. 
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BARRIER  REDUCTION 


Fig.  4.  14  -  Smoothed  data  showing  barrier  reduction  provided  by 
horizontal  aluminum  and  concrete  slabs  against  skyshine  radiation 
from  cobalt-60. 


GEOMETRY  REDUCTION 


Fig,  4. 15  -  Smoothed  data  showing  geometry  reduction  of  skyshine 
radiation  from  cobalt- 60  provided  by  a  round  hole  covered  with 
horizontal  aluminum  slabs. 
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BARRIER  a  GEOMETRY  REDUCTION 


Fig,  4,  16  -  Smoothed  data  showing  barrier -and -geometry  reduction 
provided  by  horizontal  aluminum  and  concrete  slabs  against  skyshine 
radiation  from  cobalt- 60. 


MASS  THICKNESS,  LB/SQ  FT 


Fig.  4, 17  -  Smoothed  data  showing  barrier  reduction  provided 
by  horizontal  steel  slabs  against  skyshine  radiation  from  cobalt- 60, 


GEOMETRY  REDUCTION 


Fig.  4. 18  -  Smoothed  data  showing  geometry  reduction  of  skyshine 
radiation  from  cobalt- 60  provided  by  a  round  hole  covered  with 
horizontal  steel  slabs. 
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BARRIER  AND  GEOMETRY  REDUCTION 


Fig.  4.  19  -  Smoothed  data  showing  barrier-and- geometry  reduction 
provided  by  horizontal  steel-  slabs  against  skyshine  radiation  from 
cobalt- 60, 
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however,  because  of  the  strong  low-angle  scatter  component.  This 
component  must  penetrate  a  large  slant  thickness  to  reach  the 
detector. 

Much  less  attenuation  (barrier  reduction  only)  is  provided  for 
the  detector  near  the  bottom  of  the  hole.  Presumably  a  portion 
of  the  strong  low-angle  skyshine  component  incident  on  top  of  the 
slab  is  scattered  by  the  slab.  This  extra  secondary,  scattered 
radiation  is  more  isotropic,  thereby  providing  more  radiation  to  the 
detectors.  This  was  also  noted  by  Clifford^^  in  using  Cesium-137. 
This  extra  component  is  more  noticeable  for  small  thicknesses. 
Material  attenuation  appears  to  be  logarithmic  beyond  about  30  lb/ 
sq  ft  for  all  positions  and  materials. 

It  is  interesting  to  note  in  the  geometry  reduction  curves  that 
for  thin  materials  the  dose  rate  decreases  very  rapidly  with  decrease 
in  solid  angle  of  view.  At  about  10  to  30  Ib/sq  ft  the  dose  rate  is 
proportional  to  the  solid  angle  and  at  large  thicknesses  it  decreases 
slowly  with  decrease  in  solid  angle. 

The  geometry  reduction  factor  curves  in  Figs.  4.  12,4.  15, 
and  4.  18  are  quite  similar  in  shape  to  those  of  a  more  common  shield 
geometry.  Figure  4.20  shows  this  case  taken  directly  from  Spencer’s 
Monograph  42.  . 

Even  the  values  are  quite  similar.  This  is  not  surprising  when 
one  examines  the  similarity  of  the  angular  distribution  of  the 
radiations  incident  on  the  shield  material  in  the  two  cases.  The  ge¬ 
ometry  factors  are  shown  in  Fig.  4,21  for  comparison.  The  fourth 
case  is  for  the  ’’poor”  geometry  case  at  the  ring  source  bunker 
arrangement  (Fig.  2.  7). 

For  horizontal  shields  in  these  instances,  the  angular  dis¬ 
tribution  appears  to  have  a  stronger  influence  on  the  barrier  or 
geometry  reduction  than  does  either  the  energy  spectrum  or  the 
shield  material. 

Barrier  reduction  for  all  shield  materials  are  compared  for  a 
solid-angle  fraction  value  of  1.  0  in  Fig.  4.  22.  Very  little  difference 
is  noted  between  shield  materials.  The  wood  data  at  30  lb/ sq  ft  is 
probably  too  high  for  all  positions  because  of  the  small  overlap  of 
the  slabs  at  the  edge  of  the  hole  (see  Fig.  2.  12).  Most  data  points 
are  below  the  theoretical  curve  for  an  infinite  plane.  As  noted  in 
Figs.  2.3  and  4,21,  the  geometry  reduction  for  a  point  source  at 
100  ft  is  sharper  than  that  for  an  infinite  plane.  One  would  then 
expect  greater  attenuation  for  this  shield  geometry.  It  is  also 
noted  that  the  geometry  reduction  for  the  ring -source  bunker  ar¬ 
rangement  more  nearly  approximates  that  from  an  infinite  plane 
for  large  solid  angles.  Data  points  for  this  case  are  in  excellent 
agreement  with  calculations. 
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GEOMETRY  REDUCTION 
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APPLICATION  -  COVERED 
UNDERGROUND  SHELTER 


Fig.  4,  20  -  Geometry  factor  for  detector  response  to  radiation 
striking  the  detector  from  a  limited  cone  of  directions,  cobalt- 60, 
concrete. 
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Fig.-  4,  21  -  Geometry  reduction  for  various  source -detector 
configurations. 


Data  points  for  solid-angle  fraction  values  of  0.  5,  0,  15,  and 
0.  06  are  shown  in  Fig.  4.  23  for  all  shield  materials.  Some  difference 
in  materials  is  noted  for  small  thicknesses  and  for  small  solid  angles. 
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Fig.  4.  23  -  Barrier-and-geometry  reduction  provided  by  a 
horizontal  shield  against  skyshine  radiation  originating  from 
cobalt- 60. 
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chapter  5 

SUMMARY  AND  CONCLUSIONS 

Calculations  assuming  a  uniform  infinite  medium  must  be  correctea 
for  the  air-ground  interface  to  predict  the  dose  rate  in  an  open  hole  from 
sources  on  the  ground.  These  correction  factor's  were  found  experi¬ 
mentally  to  vary  from  1,  5  to  0.  7  for  source-to-detector  distances  in 
air  from  53  to  1325  ft  respectively  for  cobalt-60  on  smooth,  dry  ground. 

Experimental  data  in  Nevada  indicate  that  the  skyshine  dose 
rate  at  the  top  of  a  foxhole  is  about  10%  of  the  total  dose  rate  3  ft 
above  ground  from  an  infinite,  smooth  plane  of  cobalt-60.  This 
compares  with  8,8%  calculated  by  Spencer^for  standard  temperature 
and  pressure  from  infinite  medium  theory. 

With  a  cobalt-60  source  at  100  ft  the  relative  dose  rate  of 
skyshine  radiation  versus  solid  angle  fractions  (geometry  reduction) 
measured  in  an  open  hole  is  in  excellent  agreement  with  that  cal¬ 
culated  by  Spencer^.  The  presence  of  the  ground  does  not  appear 
to  greatly  perturb  the  geometry  reduction. 

Liip  scatter  and  wall  backscatter  appear  to  be  negligible  com¬ 
pared  to  the  skyshine  dose  rate  in  an  open  hole.  Exact  experimental 
arrangements  are  important  for  skyshine  radiation  studies. 

The  attenuation  provided  by  a  vertical  barrier  exposed  only  to 
skyshine  radiation  from  ring  sources  of  cobalt-60  and  cesium- 13 7 
was  measured.  Barrier  reduction  is  greater  at  positions  immediately 
behind  the  shield  than  at  positions  further  in  the  bunker.  This  is  be¬ 
cause  a  greater  percentage  of  radiation  arriving  at  these  positions 
has  penetrated  the  shield  in  a  more  nearly  normal  direction.  A  steel 
shield  is  more  efficient  than  an  equal  weight  of  concrete  or  aluminum, 
and  these  in  turn  are  better  than  wood.  This  is  presumably  because 
a  large  portion  of  radiation  reaching  the  detector  is  from  low-energy 
photons.  The  shields  provide  greater  attenuation  to  skyshine  origi¬ 
nating  from  Cesium- 137  than  from  cobalt-60  except  for  very  small 
mass  thicknesses. 

The  attenuation  provided  by  a  horizontal  barrier  exposed  only 
to  skyshine  radiation  from  a  cobalt- 60  source  at  100  ft  was  measured. 
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In  this  source -shield -detector  configuration,  a  small  amount  of 
shielding  material  provides  a  large  amount  of  protection  for  the 
detector  immediately  under  the  shield.  Two  inches  of  concrete 
reduces  the  dose  rate  by  almost  a  factor  of  10.  At  lower  depths  in 
the  hole  the  shield  is  less  effective,  however.  At  a  depth  of  5  ft 
below  the  2-in.  concrete  shield  the  dose  rate  is  reduced  by  only  a 
factor  of  2.  The  dose  is,  of  course,  much  less  because  of  the 
small  solid  angle  subtended  by  a  detector  at  the  bottom  of  the 
hole.  (The  attenuation  refers  to  a  ratio  with  and  without  the  shield). 

The  type  of  shield  material  used  resulted  in  very  little  differ¬ 
ence  in  attenuation  (on  a  weight  basis)  at  the  top  position.  A  greater 
difference  is  noted  at  other  positions,  especially  for  small  shield 
thicknesses. 

Data  points  are  in  excellent  agreement  with  calculations  by 
Spencer^  when  consideration  is  given  to  the  slight  difference  in 
angular  distribution  of  the  skyshine  from  a  point  source  at  100  ft 
and  from  an  infinite -plane  source. 

A  slight  change  of  the  angular  distribution  of  the  radiation 
striking  the  horizontal  barrier  appears  to  have  a  stronger  influence 
on  the  barrier  or  geometry  reduction  than  either  a  slight  change  in 
energy  or  in  the  atomic  number  of  the  shield  material. 

Cobalt- 60  has  been  widely  used  in  radiation  shielding  studies. 
The  extent  to  which  results  obtained  by  using  cobalt-60  can  be  ap¬ 
plied  to  idealized  fallout  radiation  has  been  discussed  by  Eisenhauer^ 
and  implied  by  Spencer's  extensive  calculations^.  For  two  source 
configurations  cited^,  it  requires  about  10%  more  mass  thickness  to 
produce  a  given  attenuation  for  one -hour  fission-product  radiation 
than  it  does  for  cobalt-60  radiation.  Spencer's  calculations^  for 
horizontal-barrier  attenuation  from  skyshine  radiation  indicate  about 
the  same  difference.  This  is  understandable  when  one  notes  that  the 
angular  distributions  are  essentially  the  same  (except  for  small 
solid  angles)  and  that  the  barrier  reduction  is  more  dependent  upon 
the  angular  distribution  than  on  source  spectrum. 

It  is  implied  by  the  above  discussion  then  that  the  data  from 
Cobalt- 60  can  be  applied  to  one -hour  fission  spectrum  by  adding  10% 
to  the  mass  thickness  to  obtain  the  same  barrier  reduction  for  the 
same  source  configuration.  For  a  realistic  fallout  situation,  however, 
the  source  configuration  would  more  probably  be  infinite  in  extent  and 
contain  a  degree  of  ground  roughness  or  terrain  effects. 

The  experimental  data  confirm  the  calculations  of  angular 
distribution  of  the  skyshine  component  and  confirm  the  horizontal 
barrier  calculations  for  a  detector  immediately  below  the  slab. 
Therefore,  to  apply  the  data  to  a  realistic  fallout  situation,  the  data 
should  be  adjusted  by  consulting  the  theoretical  calculations.  This 


92 


detailed  application  is  beyond  the  scope  of  this  report. 

In  summary,  the  experimental  data  are  consistent  within  them 
selves  and  compare  well  with  other  experimental  data  and  with 
calculations.  The  results  are  applicable  to  a  variety  of  shielding 
problems.  Specifically,  with  appropriate  adjustment,  the  results 
provide  shielding  information  for  basement  roofs  and  exposed  base¬ 
ment  walls  from  skyshine  radiation  originating  from  fallout.  The 
objectives  were  met  and  the  experiment  was  conducted  safely  within 
the  criteria  established  for  the  project. 
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